A new MRI method is proposed for separately quantifying the two principal forms of tissue storage (nonheme) iron: ferritin iron, a dispersed, soluble fraction that can be rapidly mobilized, and hemosiderin iron, an aggregated, insoluble fraction that serves as a long-term reserve. The method utilizes multiple spin echo sequences, exploiting the fact that aggregated iron can induce nonmonoexponential signal decay for multiple spin echo sequences. The method is validated in vitro for agarose phantoms, simulating dispersed iron with manganese chloride, and aggregated iron with iron oxide microspheres. To demonstrate feasibility for human studies, preliminary in vivo data from two healthy controls and six patients with transfusional iron overload are presented. For both phantoms and human subjects, conventional R 2 and R 2 * relaxation rates are also measured in order to contrast the proposed method with established MRI iron quantification techniques. Quantification of dispersed (ferritin-like) iron may provide a new means of monitoring the risk of iron-induced toxicity in patients with iron overload and, together with quantification of aggregated (hemosiderin-like) iron, improve the accuracy of estimates for total storage iron.
Iron overload may result from diseases such as hereditary hemochromatosis (1) or from multiple transfusions of red cells used to treat pathologies such as the thalassemias, sickle cell anemia, aplastic anemia, and myelodysplastic syndromes (2) . Nonheme tissue iron concentrations can be elevated manyfold above normal levels in liver (3) , and clinically significant iron deposition may also occur in other organs, including the heart (4). Storage iron occurs in two principal forms: ferritin iron, a dispersed, soluble fraction that can be rapidly mobilized, and hemosiderin iron, an aggregated, insoluble fraction that serves as a long-term reserve (5) . With rising body iron burden, the capacity for safe storage eventually becomes exhausted, and progressively widespread tissue damage begins to occur. The exact mechanisms responsible are incompletely understood, but a number of studies implicate increases in the small, micromolar concentrations of metabolically active iron in the cytosol, leading to oxidative damage that ultimately results in cell death and organ injury and failure (6) . Although noninvasive means for direct measurement of cytosolic iron concentrations in vivo are lacking, recent investigations provide compelling evidence that iron entry and exit from ferritin are the result of an equilibrium based on the concentration of cytosolic iron (7) . Thus, as cytosolic iron concentrations rise, iron accumulates in ferritin as well. These observations suggest that elevated intracellular ferritin iron concentrations may provide a useful indicator of increases in the metabolically active cytosolic iron levels and of a heightened risk of iron-induced toxicity.
Established MRI methods for iron quantification have been based on the measurements of signal intensity ratios or on relaxation rates, such as R 2 and R 2 * , and are intended to estimate the total nonheme iron concentration (4, (8) (9) (10) (11) (12) (13) . Because aggregated iron generates microscopic magnetic field inhomogeneities, which are very efficient in causing spin dephasing, such ratios and rates are, in practice, strongly influenced by hemosiderin iron and thus may not accurately reflect ferritin iron concentrations.
Here we propose a new MRI method for separately quantifying the dispersed and aggregated iron storage pools, thus yielding, in particular, an estimate for the ferritin iron concentration. The method exploits the fact that aggregated iron can induce nonmonoexponential signal decay for multiple spin echo (MSE) sequences. By fitting a previously described model (14) to MSE decay data, two parameters, a ''reduced relaxation rate'' (RR 2 ) and an ''aggregation index'' (A), can be determined. The ferritin iron concentration is then calculated from RR 2 , and the hemosiderin concentration is calculated from A. By quantifying tissue ferritin iron, this method may provide a novel, noninvasive measure of short-term changes in cytosolic iron in patients with iron overload. Since this approach results in a more complete characterization of storage iron, it could also potentially lead to more accurate total iron estimates, as compared with methods based on a single metric, which inevitably have an associated uncertainty reflecting variations in the relative amounts in the two storage iron pools. Preliminary versions of this method have been briefly described (15) (16) (17) .
This article focuses on the in vitro validation of the method with phantom experiments. Initial in vivo data from human studies are presented to demonstrate the feasibility of applying the technique for hepatic iron quantification in patients with iron overload. In order to give a comparison with established MRI iron quantification methods, standard R 2 and R 2 * relaxation rates are also measured for both phantoms and human subjects.
THEORY
We consider both conventional MSE sequences, with N radiofrequency 180 refocusing pulses occurring at the times (2n À 1)Dt for n ¼ 1, 2, …, N, as well as ''shifted'' MSE sequences with refocusing pulses occurring at the times s, 2s þ Dt, 2s þ 3Dt, 2s þ 5Dt, etc. Spin echoes thus form at times 2nDt, for a conventional MSE sequence and at times 2s þ 2(n À 1)Dt, for a shifted MSE sequence. In either case, the interecho time is 2Dt, but for the shifted MSE sequence the echoes are displaced by an amount 2(s À Dt). Note that the shifted sequence reduces to the conventional sequence for s ¼ Dt. An important advantage of the shifted MSE sequence is that by choosing s < Dt the signal decay curve can be initially sampled at shorter times, which is useful when the signal decay is rapid, as occurs in tissues with high iron concentrations.
As has been previously proposed (14), we model the signal decay in iron overloaded liver by
where S(t) is the signal amplitude at a time t, S 0 is the initial signal amplitude, RR 2 is the reduced relaxation rate, A is the aggregation index, and t s is a time shift given by
This form may be regarded as the product of a monoexponential factor and a nonmonoexponential factor that describes the more complex effects of diffusion in the spatially inhomogeneous field generated by aggregated iron. We emphasize that Eq. 1 only describes the signal decay at the spin echo times. Nonmonoexponential MSE signal decay in liver with iron overload has been demonstrated by several prior studies (15, (18) (19) (20) . Note that Eq. 1 implies that the aggregation index A has dimensions of (time)
À3/2 , and that when A ¼ 0, the signal decay predicted by Eq. 1 is monoexponential and RR 2 is then simply equal to the conventional R 2 relaxation rate. According to our model, the effect of dispersed (ferritin-like) iron is entirely reflected in the reduced relaxation rate, while the effect of aggregated (hemosiderinlike) iron is reflected in the aggregation index. More specifically, we expect the reduced relaxation rate to depend linearly on the dispersed iron concentration according to
where C D is the mass of dispersed iron per tissue mass, r 2,D is the dispersed iron relaxivity, and RR 2,0 is the reduced relaxation rate in the absence of dispersed iron. For the aggregation index, our model predicts
where C A is the mass of aggregated iron per tissue mass and k is a parameter that depends on tissue properties, such as the water self-diffusion coefficient and mean aggregate spacing, as well as on the applied field strength (14) . If we assume that the parameter k is approximately constant, then Eqs. 3 and 4 imply that the total iron concentration is given by
In addition, we have
and
demonstrating explicitly the separate quantification of dispersed and aggregated iron. When comparing these MRI estimates for C T , C D , and C A with independently determined values (e.g., via biosusceptometry), the MRI estimates will be distinguished by adding ''MRI'' to the subscript (e.g., C T,MRI ).
MATERIALS AND METHODS

Phantoms
To validate the above equations for a case with known concentrations, agarose gel phantoms were prepared with different mixtures of MnCl 2 and iron oxide microspheres designed to mimic varying amounts of ferritin and hemosiderin, as found in iron overloaded liver. MnCl 2 was chosen to simulate dispersed iron because it has T 1 /T 2 % 10 at 1.5 T (21), comparable to the T 1 /T 2 ratio of aqueous ferritin solutions (22) , as well as many biologic tissues. Another convenient property of MnCl 2 is that the atomic weight of Mn (54.9) is very close to that of Fe (55.8) so that it is reasonable to define, in analogy to liver tissue, a phantom's total concentration (C T ) simply as the sum of the Mn concentration (C D ) and the microsphere Fe concentration (C A ). Although the metal ion is different, for the purposes of this study MnCl 2 has the essential properties (uniform spatial distribution and appropriate T 1 /T 2 ratio) to provide a reasonable model for dispersed hepatic iron. While it is possible to prepare agarose gels with ferritin, the necessary heating procedure can cause them to be unstable (23); MnCl 2 was therefore utilized to avoid this potential confound.
The iron oxide microspheres consisted of magnetite nanoparticles embedded in a polymer matrix (product code UM3CN/5737; Bangs Laboratories, Fishers, IN). The spheres had a mean radius of 2.9 lm and an average of 4.4 Â 10 À9 mg Fe/particle, and these were intended to approximate the effect of hemosiderin aggregates, which are of similar size. We note that the absolute iron concentrations used in our phantoms are roughly 100 times smaller than hemosiderin iron concentrations in iron overloaded liver, but this is compensated for by the fact that the specific susceptibility for the microspheres is about 100 times larger (at amplitude of static field ¼ 1.5 T) so that the magnetic effects of the microspheres should be similar to those of hemosiderin.
A total of 36 cylindrical sample bottles (1.5 cm in diameter and 15 cm 3 in volume) were prepared with concentrations
½9 suspended in 2% agarose gel. The interparticle distance for the microspheres was 35 lm for the highest iron concentrations. This length scale is comparable to the size of hepatocytes and roughly similar to spacings that separate hemosiderin aggregates in iron-overloaded liver (20) . The bottles were immersed in a $50-mM MnCl 2 aqueous solution bath (to reduce magnetic field inhomogeneities) within a 19-cm-diameter cylindrical container prior to imaging. The MnCl 2 was added to the bath to suppress the bath signal so as to avoid contaminating the sample signals. For each scan, the six bottles, arranged in a hexagonal pattern, were imaged simultaneously.
Pulse Sequence
All phantoms were imaged at room temperature on a 1.5-T whole-body MR scanner (Intera; Philips Medical Systems, Best, The Netherlands) equipped with a five-channel phase-array receive coil and a gradient system capable of achieving a maximum gradient strength of 33 mT/ m and a slew rate of 100 T/m/s. For each pulse sequence, a 10mm-thick single transverse slice (i.e., perpendicular to bottle axes) was acquired near magnet isocenter with a field of view of 250 Â 250mm 2 and an acquisition matrix of 128 Â 128, resulting in an in-plane resolution of 1.95 Â 1.95mm 2 . Three different MSE sequences were used, all with a first echo time at 2s ¼ 4 ms and a last echo at 100 ms. One MSE sequence had an interecho time of 2Dt ¼ 4 ms and a total of 25 echoes, one had 2Dt ¼ 8 ms and a total of 13 echoes, and one had 2Dt ¼ 16 ms and a total of seven echoes. Slice-selective refocusing pulses were used with a 180 flip angle and a duration of 0.9 ms. In order to minimize the confounding influence of stimulated echoes, the refocusing slice thickness was set to be three times the excitation slice thickness (24, 25) . The pulse repetition time was 2000 ms, the parallel imaging sensitivity-encoded (SENSE) acceleration factor was 2, the total image acquisition time was 182 sec for each interecho time, and the excitation flip angle was 90 .
For R 2 * measurement, a 17 echo multiple gradient echo (MGE) sequence was used with a first gradient echo time occurring at 3.15 ms following the initial radiofrequency excitation and with an interecho time of 0.86 ms. Other imaging parameters were pulse repetition time ¼ 1500 ms, image acquisition time ¼ 183 sec (reduced slightly by partial phase encoding), and excitation flip angle ¼ 50 . These sequences were tested by measuring relaxation rates for a 0.675-mM aqueous MnCl 2 solution of MnCl 2 , prepared with distilled water to avoid impurities. The rates were determined from a monoexponential fit to the signal decay data, with only even echoes being utilized for the MSE sequences, as these are relatively insensitive to flip angle errors. The MSE sequences gave R 2 values of 49.5 6 0.3, 50.0 6 0.3, and 47.9 6 1.5 sec À1 for interecho times of 4, 8, and 16 ms, respectively, while the MGE sequence gave R 2 * ¼ 52. 8 (26) . The somewhat higher relaxivity obtained for the MGE sequence may reflect a contribution from macroscopic gradients.
Image Analysis
Signal decay data for the sample bottles were obtained by averaging the signal intensities for each echo over square regions of interest consisting of 25 voxels. In order to correct for any variation in the recovery of the longitudinal magnetization, the MSE decay data corresponding to the three different interecho times were rescaled so that the mean signal intensities at t ¼ 4 ms were identical; these corrections were typically just a few percent of the signal. The decay data were then fit to our proposed model based on Eq. 1 in order to estimate the parameters RR 2 and A. From the MGE data, R 2 * values were obtained by fitting to a conventional monoexponential form. In addition, a conventional R 2 estimate was obtained by fitting the MSE signal decay data for the 2Dt ¼ 4 ms data to a monoexponential.
To reduce the effect of background noise on our parameter estimates, the actual functional expression fit to the data had the form
where S ideal is the ideal signal (for a given model) in the absence of noise and r is the background signal. This noise correction procedure is an approximate method motivated by theoretical models of noise in magnitude images (27) (28) (29) (30) . The background signal r was treated as a free parameter and was thus determined from the decay data. In all cases, the ''signal-to-noise ratio'' estimate for the first echo was greater than 150 for the MSE sequences and 20 for the MGE sequence. For the MGE sequences, all 17 echoes were employed in the fit, but for the MSE sequences only the even echoes were used in order to minimize the effect of flip angle errors. The fits were obtained by least squares minimization based on a Numerical Recipes implementation of the Levenberg-Marquardt method, with errors for the parameter estimates being derived from the covariance matrix (31) . The fits for the MGE sequences had three free parameters: R 2 *, the initial signal intensity S 0 , and the background signal r. The data for the different MSE sequences (2Dt ¼ 4, 8, 16 ms) were fit globally to Eqs. 1 and 10, with RR 2 and A assumed to be the same for all three interecho times. Thus, there were a total of four free parameters (S 0 , RR 2 , A, and r) for the fits used to determine our model parameters. In analogy with the MGE data analysis, the fits used to estimate the conventional R 2 had three free parameters (with only the even echoes being used).
Influence of Solvent on Relaxation Rate Calculations
The microspheres are supplied as aqueous suspensions containing both a surfactant (sodium dodecyl sulfate) and free polymer chains. This solvent was incorporated into the phantoms in proportion to the iron concentration and also influences MRI signal decay. To control for this, a sample of the microsphere suspension was centrifuged to separate out the solvent. A bottle with 2% agarose gel containing the solvent was then prepared, with the concentration of solvent being the same as for the phantoms with 0.1 mg Fe/g. A second bottle was also prepared with a pure 2% agarose gel. By using the MSE sequence with an interecho time of 4 ms, the R 2 values for the two bottles were found to be 23.7 6 0.4 sec À1 and 7.7 6 0.2 sec À1 , respectively, leading to a net R 2 effect of 16.0 6 0.4 sec À1 for the solvent. The relaxation rates (i.e., RR 2 , R 2 , R 2 *) measured for the phantoms were all corrected by subtracting out this solvent contribution (in proportion to the iron concentration) so that the solvent's effect on the phantom results would be negligible.
Calibration
The calibration parameters a 1 , a 2 , and a 3 were determined from a least squares fit of Eq. 5 to the data, using only the known (i.e., prepared) values for C T with no input from of the values of C D or C A for the individual samples. With this calibration, MRI estimates for the total (C T,MRI ), dispersed (C D,MRI ), and aggregated (C A,MRI ) Fe/Mn concentrations for each sample bottle were then found from Eqs. 5, 7, and 8.
Human Subjects
Two normal volunteers without history of iron overload diseases (ages 23 and 25 years) and six patients with thalassemia major (ages 18, 19, 23, 32, 36 , and 43 years) were recruited for this study under a protocol approved by the Columbia University Institutional Review Board. Informed consent was obtained from all subjects.
For the thalassemia subjects, the hepatic iron concentrations, as measured with superconducting quantum interference device (SQUID) biosusceptometry, were 2.97, 2.01, 2.46, 1.17, 3.09, and 2.79 mg Fe/g wet tissue. Since normal hepatic liver iron is typically in the range of 0.05 to 0.5 mg Fe/g (32) , normal subjects were assumed to have iron concentrations of 0.3 mg Fe/g for data plotting purposes.
Human Imaging
Human imaging utilized the same scanner and pulse sequences as for the phantom experiments, with identical slice thickness and MSE echo times. However, the field of view was 302 Â 403mm 2 and the acquisition matrix was 96 Â 128. In addition, the interecho times for the MGE sequences were slightly different (1 ms in most cases). Both the MSE and MGE image acquisitions were performed under free breathing due to their long acquisition times. Respiratory gating based on navigator echoes and cardiac triggering was employed in order to reduce motion and flow artifacts. Image acquisition times for the MSE and MGE sequences were typically 5 to 10 min each.
Mean signal decay data were obtained for the human images by averaging the signal intensities over regions of interest that included the entire liver regions contained within the acquired slices. As for the phantom data, the t ¼ 4 ms intensities were used to rescale the MSE data to correct for differences in longitudinal magnetization recovery. The in vivo signal decay data were fit in an identical manner as for the phantoms, yielding estimates for RR 2 , A, R 2 , and R 2 *, with only the even echoes being used for the MSE data.
As for the phantoms, the iron concentration calibration parameters were obtained from a least squares fit of Eq. 5, with the SQUID biosusceptometry iron concentration values used for C T . This then allowed C T,MRI , C D,MRI , and C A,MRI to be determined for each subject.
RESULTS
Phantoms
Representative signal decay data and fits for the phantom sample bottles are shown in Fig. 1 , demonstrating that the decay can be accurately modeled by Eqs. 1 and 10. The MSE decay when no microspheres are present (C A ¼ 0) is nearly independent of the interecho time and essentially monoexponential. With microspheres present, the signal decay, in contrast, depends strongly on the interecho time and a departure from monoexponentiality is apparent.
The fitted values for RR 2 varied from 8.5 to 61.0 sec À1 , while the fitted values for A varied from 0 to 0.103 ms
. A least squares fit of Eq. 5 to the full set of phantom results yields the calibration parameters: 
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The corresponding values for C T,MRI , C A,MRI , and C D,MRI as functions of the actual concentrations are plotted in the left column of Fig. 2 . Linear regression yields coefficients of determination of r 2 ¼ 0.99, 0.99, and 0.96, respectively, demonstrating a high correlation between predicted and true concentrations when our model is used.
Alternatively, the conventional relaxation rate parameters R 2 (middle column of Fig. 2 ) and R 2 * (right column of Fig. 2) are not all simple functions of C T , C A , and C D . The linear regression coefficients of determination for R 2 are r 2 ¼ 0.60, 0.26, and 0.72, indicating that this parameter is only moderately correlated with the concentrations, while for R 2 *, the corresponding coefficients of determination are r 2 ¼ 0.92, 0.99, and 0.005, indicating a high correlation with the total and aggregated concentration but a poor correlation with the dispersed concentration. Clearly, neither conventional relaxation rate can be used to accurately estimate separate concentrations for both the aggregated and dispersed components.
Human Studies
Mean signal decay and the corresponding fits for a normal subject and a patient are shown in Fig. 3 . For the patient, a departure from monoexponential decay can be detected, even well above the noise level. As for the phantom results, the data can be accurately modeled with Eqs. 1 and 10. Figure 4 demonstrates the image quality obtainable in liver with our MSE sequences. For most subjects, breathing artifacts were largely eliminated by the use of navigator echoes and respiratory gating. Also shown in Fig. 4 are the corresponding parametric maps for RR 2 and A. For the group of subjects studied, these maps were relatively uniform within the liver, with the exception of features associated with vasculature and, in some cases, imaging artifacts. This demonstrates that the imaging method has a sufficiently high signal-to-noise ratio to allow for the voxel-by-voxel fitting to our model (at least for the iron levels considered). However, the quantitative results discussed below were obtained by first averaging the signal over the entire liver slice prior to fitting to Eqs. 1 and 10, rather than simply averaging the parametric maps. The former approach has the important advantage of allowing the quality of the nonlinear fits to be carefully assessed, which is more difficult to do on a voxel-by-voxel basis.
The . These are very similar to the ranges for RR 2 and A found for the phantoms, confirming that the phantoms provided reasonable models for MSE signal decay in iron-overloaded liver.
A least squares fit of Eq. 5 to the full set of human results for RR 2 and A obtained from the mean liver signal decay data yields the calibration parameters: 
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These are substantially larger in magnitude than for the phantoms, reflecting the fact that ferritin and hemosiderin are less efficient than MnCl 2 and iron oxide microspheres in causing MRI signal decay, although this was compensated for in the experimental design by using lower concentrations for the phantoms. We emphasize that the units in Eq. 12 refer to wet tissue weight.
The dependences of R 2 , R 2 *, C T,MRI on the total hepatic iron concentration, as determined by SQUID biosusceptometry, are shown in Fig. 5 , along with the linear regression lines. The coefficients of determination are similar in all three cases and indicate a good correlation with total iron. Also shown in Fig. 5 is a plot of the fractional ferritin concentration (i.e., C D,MRI /C T,MRI ) vs C T , which suggests that the proportion of iron in the form of ferritin decreases with increasing total iron. Qualitatively similar behavior has been reported by Zuyderhoudt and coworkers (33) in a study where ferritin and hemosiderin concentrations were separately measured for biopsy samples from iron-overload patients.
DISCUSSION
Iron-free ferritin (apoferritin; Mr 440,000) consists of 24 protein subunits arranged in a spherical shell that can sequester up to 4500 atoms in a hydrous ferric oxide mineral ferrihydrite core. Both iron release and incorporation into ferritin seem to be intrinsic, autonomous properties of the molecule (5). With low levels of cytosolic iron, soluble iron-containing ferritin is present in the cytosol as randomly dispersed ferritin particles. With increasing cytosolic iron, the concentrations of dispersed ferritin increase and small clusters of ferritin particles appear, still soluble and spread throughout the cytosol. With further increases in cytosolic iron, ferritin is collected in lysosomes by fusion of ferritin clusters with lysosomal membranes, by autophagocytosis, or both. Digestion of ferritin within secondary lysosomes (siderosomes) leads to denaturation of ferritin protein subunits and to aggregation of the ferritin iron cores, processes , indicating a significant degree of nonmonoexponentiality and interecho time dependence.
thought to result in the formation of amorphous, insoluble masses of hemosiderin. Production of hemosiderin, enclosed within siderosome membranes, seems to sequester the excess iron away from the cytosol and protect against iron toxicity. Hemosiderin characteristically has a much slower cellular turnover than ferritin. Overall, the available evidence suggests that the metabolically active cytosolic iron is in rapid equilibrium with soluble, dispersed ferritin for short-term storage, while exchange with the long-term aggregates of iron within hemosiderin is both sluggish and limited.
While established MRI iron quantification methods (4, (8) (9) (10) (11) (12) (13) provide estimates for total iron concentrations, they cannot be expected to accurately quantify ferritin iron levels, particularly in patients with high iron levels where the ferritin can be only a small fraction of the total iron concentration. The method proposed here, in contrast, explicitly provides estimates for both ferritin and hemosiderin iron. This is of potential clinical significance, as the above considerations suggest that ferritin iron may be a better indicator of cellular/tissue toxicity.
We have validated our technique for phantoms consisting of agarose suspensions containing MnCl 2 to simulate dispersed ferritin iron and iron oxide microspheres to simulate aggregated hemosiderin iron. The MRI estimates were highly correlated with the true concentrations. In addition, neither R 2 nor R 2 *, which are conventionally used for iron quantification, showed a high correlation with the MnCl 2 concentration, indicating a relative insensitivity to the dispersed component. This is most probably a result of an enhanced efficiency, due to the generation of magnetic field inhomogeneities, for aggregated iron in causing MRI signal dephasing. A similar enhanced relaxation efficiency of hemosiderin compared to ferritin also likely occurs in vivo for ironoverloaded liver.
For in vivo liver iron quantification, we have given a preliminary test of feasibility. Our in vivo results are qualitatively similar to those for the phantoms, although comprehensive validation was not possible with a limited number of subjects and due to the fact that individual ferritin and hemosiderin concentrations were not known. In particular, the values for the calibration parameters given by Eq. 12 should be regarded as provisional. Nonetheless, the observation shown in Fig. 5d that the fractional ferritin concentration decreases with increasing total iron, in qualitative consistency with prior studies (33) , is encouraging.
There are two technical features of the method described here that we view as critical for accurate quantification. The first is the increased slice thickness for the refocusing pulses to reduce stimulated echo effects, as has been discussed in detail elsewhere (24, 25) . The incorporation of this feature is a key distinction relative to the related methods used in prior work (15) (16) (17) . Second, by using two or more MSE sequences with different interecho times, the possibility of obtaining spurious results due to partial-volume effects, which can also cause nonmonoexponential signal decay, is greatly diminished, due to the specific interecho time dependence predicted by Eq. 1. Such partial-volume effects could occur because of signal from blood or bile.
Two helpful, but less critical, features are the use of shifted MSE sequences and the restriction of the MSE fits to only even echoes. One advantage of the shifted MSE sequences is that they allow the signal decay to be sampled at shorter times. Additionally, having the first echo for each MSE sequence occur at the same time provides a convenient means of consistently scaling the signal intensities and of assessing quality issues such as those that arise from subject motion. Limiting the fits to only the even echoes reduces the influence of flip angle errors, which tend to be less for even echoes, on the parameter estimations.
Although our fitting procedure involved four free parameters (S 0 , RR 2 , A, and r) compared to three (S 0 , R 2 or R 2 *, and r) for a standard monoexponential fit of a single decay curve, the fits were robust due to the simultaneous   FIG. 4 . Image and parametric maps for a patient with C T ¼ 2.79 mg Fe/g. The image quality attainable with our pulse sequence is indicated by an unprocessed image with TE ¼ 4 ms (truncated to highlight liver). Breathing artifacts are minimal due to the use of navigator echoes and respiratory gating, although some Gibbs ringing artifacts are apparent. This image quality supports the calculation of parametric maps for A and RR 2 (color overlays), which may be of interest for assessing the spatial uniformity of the liver iron concentration. However, the main results reported in this paper were obtained by first averaging the signal over the entire liver prior to fitting to Eqs. 1 and 10. The calibration bar for the RR 2 map is in units of sec
À1
, and the calibration bar for the A map is in units of ms
b) R 2 * and (c) C T,MRI as functions of C T for six ironoverload patients and two normal subjects, where C T was measured with SQUID biosusceptometry for patients and assumed to be 0.3 mg Fe/g for normals. The lines are least squares fit to the data. For all three metrics, a high linear correlation is observed, supporting their utility for quantifying total hepatic iron concentration. Also shown is (d) the ratio C D,MRI /C T,MRI vs C T . The decrease of this ratio with increasing total iron concentration is qualitatively consistent with prior studies based on liver biopsy samples (33) . In (a), (b), and (c), the data points for the normal subjects nearly coincide.
fitting of all three decay curves with the same set of four parameters. In all the fits used for Figs. 2 and 5, convergence using the Levenberg-Marquardt method was rapid and consistently yielded a single solution with no significant sensitivity to the initial parameter estimates.
In order to reduce the effects of motion artifacts, respiratory gating was employed for human imaging, which resulted in relatively long acquisition times. However, it should be possible to substantially reduce the acquisition time in future studies with the application of a recently developed breath-hold fast spin echo MSE sequence (34) .
It is important to bear in mind that our approach relies on several idealizations. First, the analytic form of Eq. 1 is an approximation (14) . In particular, the derivation of Eq. 1 assumes that the radiofrequency refocusing pulses have an infinitesimal duration, while the actual refocusing pulses can have durations of a millisecond or more. This is a potential source of systematic errors, especially when the signal decay during the refocusing pulse duration is significant, as may be the case for high iron concentrations. The underlying theory also assumes perfect radiofrequency pulse flip angles, and inaccuracies may arise in practice from flip angle errors, which can generate stimulated echoes, even though our sequences were optimized to reduce this effect. Another assumption is that the typical spacing, L, between iron aggregates should be greater than or comparable to the diffusion length scale ffiffiffiffiffiffiffiffiffi DDt p , where D is the water diffusion coefficient. For liver with our choice of interecho times, this means that L should be roughly 1 to 2 lm or larger. The effect of microscopic field inhomogeneities that vary on a scale much smaller than this will be diffusionally averaged and contribute to RR 2 rather than A. As discussed by Ghugre and coworkers (20) , the spatial pattern of hemosiderin deposition in iron-overloaded liver is complex, with multiple apparent length scales. However, a principal length scale roughly corresponds to the size of the hepatocytes, which is 20 to 30 lm and hence consistent with our observation of significant contributions to A.
That the interecho time thus sets an effective resolution for our method implies that both RR 2 and A may vary somewhat with the choice of interecho times, as has been noted for A in prior studies (14, 20) . As a consequence, both the accuracy of the method and the values for the calibration parameters may depend on the details of MSE sequence timings, which should be considered if comparing and interpreting RR 2 and A values obtained using different sets of interecho times. We emphasize that this interecho dependence for A is not included in our fitting procedure for the MSE data; as a consequence, the fitted values for A represent a type of average for the range of interecho times employed.
As proposed by Vymazal and coworkers (35) for brain iron, an alternative to the approach presented here is to use the longitudinal relaxation rate R 1 to quantify diffuse iron. However, in contrast to RR 2 , R 1 depends nonlinearly on the ferritin loading factor (i.e., the number of iron atoms per ferritin molecule), which means that R 1 is a function of the ferritin loading factor, as well as the ferritin iron concentration (36).
The primary motivation for developing a method for separately quantifying the diffuse and aggregated iron storage pools is the potential clinical importance, as discussed above, of separately estimating tissue ferritin iron concentrations in vivo with MRI. Our method may also lead to more accurate quantification for total nonheme tissue iron than established MRI techniques because the latter typically rely on a single MRI-measurable parameter that is affected differently by the two forms of iron. Hence, two iron-overload patients with the same total iron concentrations but different relative proportions of ferritin and hemosiderin iron could yield significantly different MRI estimates for total iron, using conventional approaches. Variability in the relative proportions is thus an effective source of measurement noise. Our approach, in contrast, should be more robust with respect to differences in ferritin/hemosiderin ratios since each component is individually characterized. Our method, however, may be difficult to apply to some patients with very high hepatic iron concentrations due to rapid decay of the MSE signal.
CONCLUSION
In this initial study, we have proposed a method for separate quantification of diffuse and aggregated storage iron and have provided an initial validation with phantom experiments. Our in vivo results demonstrate the feasibility of applying this appraoch in liver, although our sample size is too small to reliably assess the method's accuracy for human studies. Further validation will compare MRI estimates for the two iron pool concentrations with tissue estimates obtained directly from liver explants. While this paper has focused on hepatic iron quantification, our method could also be applied to iron quantification for other organs, such as heart and pancreas, which are frequently affected in iron-overload disorders.
